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Abstract

A practical representation for the transport coefficients of pure refrigerants R32, R125, R134a, and R125+R32
mixtures is presented which is valid in the vapor-liquid critical region. The crossover expressions for the transport
coefficients incorporate scaling laws near the critical point and are transformed to regular background values far away
from the critical point. The regular background parts of the transport coefficients of pure refrigerants are obtained
from independently fitting pure fluid data. For the calculation of the background contributions of the transport coef-
ficients in binary mixtures, corresponding-states correlations are used. The transport property model is compared with
thermal conductivity and thermal diffusivity data for pure refrigerants, and with thermal conductivity data for
R125+ R32 mixtures. The average relative deviations between the calculated values of the thermal conductivity and
experimental data are less than 4-5% at densities p>0.1p. and temperatures up to 7= 27.. © 1999 Elsevier Science
Ltd and TIR. All rights reserved.
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Propriétés de transport des frigorigenes R32, R125, R134a et
des mélanges de R125+ R32 dans et au-dela la région critique

Résumé

Une représentation pratique des coefficients de transport des frigorigénes purs R32, R125, R134a et des mélanges de
RI25 et R32 est présentée ; celte représentation s’avére valable dans la région critique vapeur-liquide. Les expressions
croisées pour les coefficients de transport comprennent les lois d’étalonnage prés du point critique ; loin du point critique,
ces valeurs sont transformées en valeurs de fond. Pour les frigorigénes purs, les composants de fond des coefficients de
transport sont obtenus a partir de données indépendantes sur les frigorigenes purs. Pour calculer la contribution des valeurs
de fond dans les coefficients de transport des mélanges binaires, les corrélations des états correspondants sont utilisées. Le
modele des propriétés de transport est comparé a des données de conductivité et de diffusivité thermiques pour les frigor-
igeénes purs et, dans le cas des mélanges de RI125 et R32, a des données de conductivité thermique. Les déviations relatives
moyennes entre les valeurs calculées et la conductivité thermique et les données expérimentales sont inférieures a 4 a 5% ou
les densités se situent d p = 0.1p, et les températures sont inférieures a T=2T,. © 1999 Elsevier Science Ltd and IIR. All
rights reserved.
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1. Introduction

It is important to have accurate values for transport
properties such as viscosity and thermal conductivity in
order to efficiently design process equipment. There is
currently much interest in using mixtures of R125 and
R32 to replace R22. R134a has been identified as a
possible replacement for R12. Although there are cor-
relations and models available for transport properties
of pure fluids as well as mixtures (for example [1-3]), we
are unaware of any models for refrigerant mixtures that
address the transport properties in the critical region.
The present paper provides a practical representation of
the transport properties of pure and binary refrigerant
mixtures in and beyond the critical region based on the
decoupled-mode crossover model for the kinetic coeffi-
cients developed by Kiselev et al. [4-8]. This theoreti-
cally based model establishes relatively simple yet
accurate relationships between the thermodynamic and
transport properties of pure fluids and fluid mixtures in
the critical region.

Both the viscosity, n, and the thermal conductivity, 4,
of fluids are divergent in the vicinity of the gas-liquid
critical point [9,10]. The divergence of the thermal con-
ductivity also directly influences the thermal diffusivity,
a ~-’5;, where p is the density and C, is the isobaric
specific heat. The thermal diffusivity of fluids approa-
ches zero at the critical point since C, diverges more
rapidly than A. The divergence of the viscosity is very
localized at the critical point and has little impact on
correlations used for refrigeration modeling. However,
the critical enhancement of the thermal conductivity is
important over the temperature region 0.57, <7< 1.57,
where T, is the critical temperature. Thus, accurate
correlations for the thermal conductivity and thermal
diffusivity of refrigerants and refrigerant mixtures must
address the critical enhancement contribution, both
along the saturation boundary and in the supercritical
gas. In fact, most of the region of the phase diagram
which is relevant to refrigeration processes is close
enough to the critical point so that critical enhancement
contributes significantly to the thermal conductivity.
The situation is further complicated in the case of mix-
tures of refrigerants since the critical enhancement is not
a linear contribution and even the critical point of the
specific composition of interest has not been measured
and must be calculated based on the properties of the
pure fluids in the mixture.

In the vicinity of the critical point, the crossover
expression for the critical enhancement of the transport
coefficients incorporates the scaling laws and reproduces
the asymptotic expressions obtained earlier by Gor-
odetskii and Gitterman [11] and by Mistura [12,13]. Far
from the critical point, the crossover expressions trans-
form into their regular background parts. For the cal-
culation of the regular background transport properties

of the pure refrigerants, we use dense-fluid contributions
obtained from independently fitting pure fluid data and
a dilute-gas contribution from Chapman—-Enskog the-
ory. The corresponding scaled equations of state should
be used to reproduce the nonanalytic-singular behavior
of the kinetic coefficients in the critical region. In the
present work, the thermodynamic properties for pure
refrigerants R32, R125, R134a, and R125+R32 mix-
tures were calculated with a new parametric crossover
equation of state developed recently by Kiselev and
Huber [14]. This equation of state incorporates the
scaling laws asymptotically close to the critical point
and transforms into a regular classical expansion far
from the critical point.

We proceed as follows. In Section 2, we formulate the
crossover equations for the transport coefficients. In
Section 3, we propose corresponding states expressions
for calculating the regular (background) parts of the
kinetic coefficients in binary mixtures. The background
transport properties of the pure fluids R32, R125, and
R134a are given in Section 4. In Section 5, we compare
our crossover model with experimental thermal con-
ductivity and thermal diffusivity data for pure refriger-
ants R32, R125, R134a, and R125+R32 mixtures. In
Section 6, we discuss our results.

2. Crossover equations for the transport coefficients

To calculate the transport coefficients in pure com-
ponents and in binary mixtures, we use the crossover
expressions obtained by Kiselev et al. [4-8]. In this
approach, the Onsager kinetic coefficients of a binary
mixture are written in the form
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where 7T is the temperature, u = 1 — 41 is the chemical
potential of the mixture, n is the shear viscosity, p is the
density, x = N,/(N; + N,) is the mole fraction of the
second component, S is the molar entropy of the mix-
ture, & is the equilibrium correlation length, and kg is
Boltzmann’s constant, and where the subscript b
denotes the background part of the kinetic coefficients
which are analytic functions of the concentration,
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In Eqs. (1)~(9) gp = |gp| is a cutoff wave number and
¢o = ¢(kpé) 1s the dynamical scaling function [4]
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calenlated at the constant value of the wave number
kp = 0.1gp (or z = 0./gp&). For the correlation length,
we use an expression proposed by Kiselev and Huber [8]
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Asymptotically close to the critical point gpé > 1, the
singular parts of the kinetic coefficients are much larger
than the regular (background) parts (yo > 1, 31 > [,
yp = yip ~ 1), all crossover functions approach 1, and
Eqgs. (1)-(3) in the critical limit reduce to the asymptotic
expressions obtained earlier by Gorodetskii and Gitter-
man [11] and by Mistura [12,13]. Far from the critical
point, qu-A < 1, the crossover functions approach
0(2,£0; 2&0), and all kinetic coefficients approach their
regular parts.

The thermal conductivity of the mixture 4 is defined
by [4-7]
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Here we have introduced the notation py = (3u/8x) p 7,
pur = (3u/dT)p , and y* = Bb/(,uTo?b). In the limit
of pure components (xa@0, or xal), o, ~ x(1 — x)&0
[4,7,15], the specific heat capacity Cp , of a binary mix-
ture is transformed to the isobaric specific heat capacity
Cp of the pure components, and Eq. (13) for the thermal
conductivity of the binary mixtures transforms to the
crossover equation for the thermal conductivity of the
one-component fluid.

3. Regular parts of the transport coefficients

Eqgs. (1)—~(9) for the transport coefficients in a binary
mixture contain the shear viscosity and the regular
(background) parts of the kinetic coefficients, as well as
thermodynamic quantities. The viscosity n in these
equations represents a shear viscosity which is an ana-
Iytic function of temperature, density, and concentra-
tion. In the present work, we use for the shear viscosity
a corresponding-states correlation in the form
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where My is the molar mass of the mixture, 7¢, and
P, are the critical temperature and the critical pressure
of the mixture, and the critical compressibility factor
Zex = Pey/Rpex Tex- The superscripts i = 1, 2 denote the
components of the mixture and x is the mole fraction of
component 2.

The background parts of the kinetic coefficients & and
B are given by[8]

aw(T, p, K)i= ao(T, X) + Olres, (17

Bo(T, p, ) = Bo(T, x) + Bres, (18)

where & (7, x) and By (7, x) correspond to the dilute-gas
parts of the kinetic coefficients, and & and ﬁres are the
residual functions. Following Kiselev and Huber [8], the
residual functions dyes and Bres (Which in general depend
on the density, composition and temperature) were
treated as functions of the density and composition
only:
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The background contribution of the kinetic coefficients
y is given by [8]
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The residual function Ares is given by
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where /Ir and /1 . define the residual parts of the ther-
mal conductwlty /Lb in the limits of the pure compo-
nents, and the dilute-gas parts of the kinetic coefficients
are given by [4-8]
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In Eqgs. (17)-(26), R = 8314.51 J kmol~! K~ is the uni-
versal gas constant, Py is in MPa, T¢, is in K, @&, is in
kgsm3, By isinkgm=! s~ K1, 4 isin Wm~! KL,
and oy, Br and y, (k= 1) are system-dependent coefficients.

For the binary diffusion coefficient in the dilute-gas
limit, in Eq. (24), we use an empirical correlation pro-
posed by Fuller et al. [16,17]
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(where T'is in K, P in MPa, and Dy in m? s~ '), and for
the dilute-gas part of the thermal conductivity 4¢(7, x)
we use a simple expression proposed by Wassilijeva [18]:
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Here Z (z =1, 2) is the thermal conductivity of the pure
components in the dilute-gas limit, S} = 1. STflb) , S =
1. ST(b and S = /515, are Sutherland constants, and
T(b (i = 1,2) are the normal boiling temperatures of the
pure components.

The correlation length § is given by Eq. (11), where
for the bare correlation length & and the cutoff para-
meter gp in binary mixtures we use simple linear
approximations

T
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where superscripts [ = 1, 2 denote the components of the
mixture.

4. Tramsport coefficients of pure fluids

The background transport properties for R32, R125
and R134a are represented as sums of terms for the
temperature-dependent dilute-gas contributions and
terms for the temperature- and density-dependent resi-
duval contributions. Contributions for the critical
enhancement are not included in these background
functions. The viscosity is found using

n(p, T) = no(T) + Nres(0, 1), (32)
while the thermal conductivity is given by
/1(97 T) = AO(T) -+ /ques(ps T) (33)

The dilute-gas viscosity is obtained from kinetic theory
[20] assuming that a Lennard-Jones potential applies
and using the expression

o VMT

10(T) = 2669579 x 10~ s,

(34

where 7 is in Pa s, M is the molar mass in g mol~!, T'is
in K, Q@2 is a collision integral, and o is the distance,
in nm, at which the potential-energy function is 0. The
collision integral for a Lennard-Jones potential is eval-
uated using [21]

QCA(f) = % + Cyexp(—C*1) + Cs exp(—Ce1), (35)

where Cy = 1.16145, C, = 0.14874, C3 = 0.52487, C; =
0.77320, Cs =2.16178, Co = 2.43787, and = kgTVe.
The potential energy parameters € and o for R134a were
obtained from [22], while those for R32 and R125 were
estimated by a method discussed in [1]. The values are
listed in Table 1.

‘ The residual portion of the viscosity is fit to an equa-
tion of the form [23]:

Mes(p, T) = 1077 exp<a1 + a_;)
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(] — %) +EPx (30) Table 1
b= (t—> 0% ) : . o £ ~1 o mrre fhd
51 Lennard—Jones potential parameters, & and g5 » for pure fluids
| 1 1 Tableau 1
e (I~x)+ FORE (31 Paramétre potentiels de Lennard-Jones & et g5} pour les frigor-
Jgp  4p 9D igénes purs

Fhid e/kp (K) o {nm) & (nm) g5! (nm)

R32 262.60 0.4282 0.167 0.8183
R125 250.00 0.5150 0.189 0.8978
Ri34a 27774 0.5067 0.194 1.0166

where the residual viscosity is in Pa s, the temperature is
in K, and the density is in mol L~!. The coefficients for
the residual viscosity for R32 and RI125 were found
from fitting the experimental data in [24-27] and are
listed in Table 2. For R134a we used a viscosity corre-
lation given in [28]. We used the dilute-gas thermal-
conductivity correlations from [29,30]:

(D) =a;+a, T+ a3 T, (37
where g is in Wm~! K-, and the coefficients are listed
in Table 3. The residual thermal conductivity function is

a function of both temperature and density and is given
by

Ares(0s T) = [(b1 + 1 D)o + (by + 2 T)p?

+ 03 + 3D + (ba + s DY, (38)
Table 2
Coeflicients for the residual viscosity
Tableau 2
Coefficients de viscosité résiduelle
ay R32 R125
1 0.3745666x 10! —0.16674402x 107
2 —0.2593564% 10* 0.22169228x10*
3 0.3861782x 10’ 0.17257370x10?
4 0.1807046x10° —0.25584315%x10°
5 0.1478233x 10! 0.55675050x 10!
6 —0.5001262x103 —0.21397030% 10?
7 0.5455701x 105 0.24667515x10°

Table 3
Coefficients for the thermal conductivity of the dilute gas

Tableau 3 i

/,

Cocgfficients de conductivitg/ thermique du gaz dilué
o; R32 R125 R134a

1 0.124363><10“/ ~0.200919x1072  0.579393x 102
2 —0.628224x10%  0.330401x10~% —0.283907x 10~
3 0.199947x107¢  0.669723x10~7  0.176461x 106
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where Ay is in W m~! K1, The residual thermal con-
ductivity is a weak function of temperature, but a strong
function of density. The coefficients for the residual
thermal conductivity are given in Table 4.

Table 4
Coefficients for the residual thermal conductivity

Tableau 4
Coefficients de conductivité thermique résiduelle

b; R32 R125 R134a

0.112233x107!
—0.449586x 10~

0.793100x1072  0.423907x 1073

1

2 —0.373196x1073
3 0.195280x10~*
4 —0.267308x107°

&
1 —0.129997x10~*
2 0.189222x1075
3 —0.116382x1076
4 0.299505x108

0.138085x 1072
—0.171205x 1073

0.721695% 1073

0.282670x1073

—0.187798%x107°

0.171075x10~¢
0.819274x 10710

—0.794476x10~*
0.399787x 1073

0.362280x 1073
—0.301010x10~*
—0.248613x107¢

0.125961x10~7
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Fig. 1. Thermal conductivities of pure R32, R125 and R134a
as a function of the density along isotherms. The symbols
indicate experimental data [29] and the curves represent values
calculated with the crossover model.

Fig. 1. Conductivités thermiques des frigorigénes purs R32, RI25
et R134a en fonction de la densité le long des isothermes. Les
symboles indiquent les données expérimentales [29] et les courbes
représentent les valeurs calculées d partir du modéle croisé.

If the background transport properties of the pure
components are known, our crossover model contains
two adjustable parameters for each fluid: the bare cor-
relation len%th S((f) and the cutoff parameter qg). The
parameter 0') determines the critical amplitude of the
correlation length in the asymptotic critical region and
can be independently determined from light-scattering
measurements. In the present work, the parameters Eé’
and q%) for pure R32 and R125 have been determined
from a fit of our crossover model to experimental ther-
mal-conductivity data only. For pure R134a we adopt
the same values for E(()') as used by Luettmer—Strath-
mann and Sengers[31,32], while the parameters qp are
determined from a fit of the crossover equation (13) to
ex})erimental thermal-conductivity data. The parameters
S((f and q]g) for pure R32, R125, and R134a are pre-
sented in Table 1.

The thermal conductivities for pure R32, R125 and
R134a along two near-critical isotherms are plotted in
Fig. 1. Relative deviations of the calculated thermal
conductivities from the experimental values beyond the
critical region are shown in Fig. 2. Since the crossover

13 15 1.7 19 21

0.;1 03 05 07 09 11 13 15 17 19 21

P/pg

Fig. 2. Relative deviations of experimental thermal con-
ductivity for R32, R125, and R134a [29] from values calculated
with the crossover model.

Fig. 2. Déviations relatives de la conductivité thermique expéri-
mentale pour les frigotigénes R32, R125 et R134a [29] d partir
de valeurs calculées a partir du modéle croisé.
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equations of state ~used for the calculation of all ther-
nodynamic quantities for pure R32, R125 and R134a[14]
do not reproduce the ideal-gas limit at low densities and
may even give unphysical behavior as p&0, we restrict
our calculations to the density region

pz0.1pc. (39)

The relative deviations of the thermal conductivity are
generally less than 4% over most of the thermodynamic
surface, increasing up to 8~10% in the critical region
and at the boundary of the region specified by Eq. (39).
The experimental values of the thermal diffusivity

A

for pure R32, R125 and R134a at the coexistence curve
[33-35] are compared with calculated values in Figs. 3
and 4. For the calculation of the thermal conductivity
we used crossover equation (13), and for the calculation
of the density and the specific heat Cp along the coex-
istence curve we used both the crossover equation of
state obtained recently by Kiselev and Huber [14] and
e high accuracy analytical equation of state from [36]
for R32 and R125, and Ref. [37] for R134a. Far away
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Ri34a
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from the critical point, especially on the vapor side of
the coexistence curve, the analytical equations give a
better representation of the thermal diffusivity than does
the crossover equation [14]. However, the crossover
equation must be used in the critical region. The thermal
diffusivity for pure R134a in the critical region is shown
in Fig. 4 along four supercritical isotherms. Experi-
mental thermal-diffusivity data obtained by Kruppa and
Straub [35] agree well with values calculated using the
crossover equation.

It is interesting to compare the result of our calcula-
tions for pure RI134a with the results obtained by
Luettmer—Strathmann and Sengers [31,32]. Quantita-
tively our calculations for the thermal diffusivity in the
critical region of R134a, plotted in Figs. 3 and 4, and
calculations performed and plotted by Luettmer—
Strathmann and Sengers [31,32] reproduce the experi-
mental thermal diffusivity data obtained by Kruppa and
Straub [35] with similar accuracy.

5. Thermal conductivities of R125-+ R32 mixtures

In order to apply our crossover model to the calcula-
tion of the transport properties in binary mixtures, in
addition to the equation of state and expressions for the

-8.0

R32
R125
R134a
R134a
851 17 creaser
— REFPROP|

CISIan

9.0 . . .
280 300 320 340 360 380
T, K

- Thermal diffusivities of pure R32, R125 and R134a along their coexistence curves as a function of the temperature. The open

Syml?ols indicate experimental data obtained by Kraft and Leipertz [33,34], and filled symbols correspond to the experimental data
Obtained by Kruppa and Straub [35] for R134a. The curves represent values of thermal diffusivity calculated with the crossover

€quation
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(13) for the thermal conductivity and with the densities and the specific heats calculated with the crossover equation of state
dashed curves), and with analytical equations of state [36,37] (solid curves).

: Diffusivizes ihermiques des frigorigénes purs R32, R125 et R134a le long de leurs courbes de coexistence en fonction de la température.
’ quent les données expérimentales obtenues par Kraft et Leipertz [33,34] et les symboles remplis correspondent aux
‘Perimentales obtenues par Kruppa et Straub [35] pour le R134a. Les courbes représentent les valeurs de diffusivité thermique
quation croisée (13) pour la conductivité thermique ou les densités et chaleur massique sont caleulées a partir de
tat croisée [ 14 ] (courbes hachurées) et d partir des équations d’état analvtiques [36,37] ( courbes continues).
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background transport coefficients for pure components
lg)(T , p) and ng)(T, p), we need also the coefficients ay,
Bk, and y; in Egs. (17)-(21) for the background coeffi-
cients @y, Bb, and 7. The background coefficients @
and By determine not only the crossover behavior of the
thermal conductivity of a binary mixture in the critical
region as given by Egs. (13)~(15), but also the binary

of binary mixtures far from the critical point. We are
not aware of any experimental binary diffusion coeffi-
cient data for R125+ R32 mixture; therefore, we found
the coefficients oy from fitting the crossover equation (1)
together with Eqs. (17) and (41) to binary diffusion
coefficient data generated with an empirical correlation
for binary fluid mixtures [38]

diffusion coefficient
Dn = (DYn®)* (D%n")™, @3)

o
Dip =" pux, (1

where x; and x, are the mole fractions of the compo-
nents, and the dilute-solution binary diffusion coeffi-
cients DY, and Dj; are calculated with an empirical

(42) modification of the Stokes—Einstein equation for the
diffusion coefficient [39]

and the thermal diffusion coefficient

T . .
Dy = > (@ur + B),

R134a
Ll O T=3744TK 61
- v T=377.84K
» 6ol A T=392.79 K 6.3R)
) O T=411.51K ael X
NE —— calculated 0.3
w50 s BV
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\—h " 69}
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Fig. 4. Thermal diffusivity of pure R134a at supercritical isotherms as a function of the density. The symbols indicate experimental T
data obtained by Kruppa and Straub [35] and the curves represent values calculated with the crossover model. R
Fig. 4. Diffusivité thermique du frigorigéne pur R134a a des isothermes supracritiques en fonction de la densité. Les symboles indiquent les .
données expérimentales obtenues par Kruppa et Straub [35] et les courbes représentent les valeurs calculées a partir du modéle croise.
)2
2
Table 5
The background kinetic coefficients o, B and v used in Egs. (19)~(21) for R125+R32 mixture
Tableau 5

Coefficient des cinétiques de fond oy, By et yy utilisés dans les équations (19) d (21) por le mélange R125+ R32
Coefficients for By

Coefficients for ay Coefficients for 7,

o 1.24866x 107> Bi 2.44626 n —2.28579x1077
oy —1.02608x 103 By —1.56262x1076 v 5.15913x 1077
app —1.11600x 1073 Bs 6.51651x10° 3 1.38394x10~¢
o3 1.04080x 103 Brn  —1.18241x107¢ va  —2.67629x107°
ag 1.39025%10~° Bis 9.64268x1078 ys  —7.35752x1077

Y6 1.35981x10~¢
vo  2.14288x10°8
vio  —6.56119x1078 n

19 —1.30710X1076
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R125+R32

4 g <

over model at two concentrations of R32.

d partir du modéle croisé, pour deux concentrations de R32.

~15 A3
Dgzm&szlo[ r 1.40+<E> . (44)
OV} Vi

Here Tis in K, V) in Pa s, Dg. inm?s7!, and ¥; and ¥;
in cm® mol~! are the molar volumes of components at
their normal boiling temperatures. These molar volumes
are calculated [40] to be

V3 = 42.882cm’ mol ™!,

Virizs = 79.239 cm® mol ™. (45)

To determine Dy and Ay in Egs. (24)-(29) for the
R125+ R32 mixtures, we use the following values of the
atomic diffusion volumes and normal boiling temperatures

Tvr3z = 38.02em® mol ™!,
Lyrizs) = 78.88 cm® mol ™!, (46)

TR _ 991 49K, (129 = 225.01K. (47

The atomic diffusion volumes were calculated using the
procedures outlined by Reid et al. [41], while the nor-
mal-boiling-point temperatures were obtained from the
REFPROP database [40]. Thermodynamic properties
for R125+ R32 mixtures were calculated from the new
Crossover equation of state obtained recently by Kiselev
fnd Huber [14]. The coefficients Bi in the correspond-
’f;lg-states expression (20) for R125-+ R32 mixtures were
nie,d Eft the same values as in carbon dioxide + ethane

IXtures [8]. The coefficients y in Eq. (21) for mixtures

Fig. 5. Relative deviations of experimental thermal conductivity for R125 + R32 mixtures [42] from values calculated with the cross-

Fig. 5. Déviations relatives de la conductivité thermique expérimentale pour les mélanges de R125 et R32 [42] d partir de valeurs calculées

R125+ R32 have been found from a fit of the crossover
equation (13) (with the values found above for the
coefficients o), to the experimental thermal-con-
ductivity data. The coefficients oy, B, and jp for
R125+ R32 mixtures are presented in Table 5. Relative

50%R 125+50%R32

e
e,
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Fig. 6. Thermal conductivity of the 50% R125+50% R32
mixture as a function of the temperature and the density in the
supercritical region.

Fig. 6. Conductivité thermique du mélange R125 et R32 50%/
50% en fonction de la température et la densité dans la région
supracritique.
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symbols indicate values calculated with the program REFPROP V.5 [40]. REFPROP V.5 does not account for the critical enhance- spondin;
ment Al and shows behavior similar to the background thermal conductivity, Ay, of the crossover model. program
Fig. 7. Conductivité thermique du mélange R125 et R32 50%/50% le long de deux isothermes en fonction de la densité (a gauche) le long values it
de lisochore critique en fonction de la température (d droite). Les courbes représentent les valeurs calculées a partir du modele croisé et the critic
les symboles indiquent les valeurs calculées d partir du programme REFPROP V.5 [40]. REFPROP V.5 n'explique pas I'augmentation <p<I
critique Al et montre un comportement similaire d celui de la conductivité thermique de fond A, du modeéle croisé. | ment te:
that bac
deviations of the experimental thermal conductivity data for pure fluids. The critical enhancement of the ductivity
from the calculated values for R125+ R32 mixtures are thermal conductivity in pure fluids does not contain any mil K~
shown in Fig. 5. All experimental thermal conductivity adjustable parameters except for the cutoff wave num- with th
data correspond to temperatures which are near the ber q](:’,), and is completely determined by the thermo- Since th
limits of the range of temperatures, 0.857,(x)<T dynamic properties of the system. For the calculation of do not
<0.995T,(x), and densities where a good description of the thermodynamic quantities of pure refrigerants and ground
the thermodynamic properties of R125+ R32 mixtures R125+R32 mixtures we use a parametric crossover this disc
was achieved with the crossover equation of state used EOS developed by Kiselev and Huber [14], with para- zihi?f th'eﬂ
iffusior

to calculate the thermodynamic derivatives in Eqs. (13)-
(15). However, even in this region the average relative
deviations are less than 4-5%. The deviations between
the thermal-conductivity data and the crossover model
for R125+R32 mixtures are similar to those found in
previous section for pure R32 and R125 (see Fig. 2).

6. Conclusions

We present a model for the transport properties of
pure refrigerants R32, R125, R134a, and R125+R32
mixtures. This model reproduces the scaling-law beha-
vior of the transport coefficients in the critical region
and smoothly crosses over to the regular analytical
behavior away from the critical region. The regular
background transport properties of pure fluids are
represented as sums of terms for the temperature-
dependent dilute-gas contributions and terms for the
temperature and density-dependent residual contribu-
tions, which are obtained from independently fitting

|
meter q]g) determined by fitting our model to experi- £
i critical

mental thermal conductivity data far from the critical
point. Good agreement between experimental and cal-
culated thermal conductivity and thermal diffusivity is

observed, both in and beyond the critical region for Acknoy
pure fluids.

In binary mixtures, we calculate the shear viscosity
and the background contributions of the kinetic coeffi- S:B-K
cients using corresponding-states correlations. For the Divisior
density-dependent residual functions of the background ogy, for
parts of the kinetic coefficients @, 8 and 7 we use the at NIST
same expression as employed earlier by Kiselev and
Huber [8]. We are not aware of any experimental data
for the binary and thermal diffusion coefficients of the
R125+ R32 mixture; therefore, the coefficients oy were Referes
found from a fit of the crossover model to binary diffu-
sion coefficient data generated with an empirical corre- (1] Hul
lation (43). For the coefficients B in the corresponding- 2l 11{91;]
states expression (20) we adopted the same values as B3] Kle
obtained earlier by Kiselev and Huber[8] in carbon 199

dioxide +ethane mixtures. The coefficients y; were
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found from a fit of the crossover model to the experi-
mental thermal conductivity data of Perkins et al. [42].
The expetimental thermal conductivity data [42] for the
R125+R32 mixture were obtained in the subcritical
region at T = 331343 K, in the density range p<0.2pc
and pz1.6pc, where the critical enhancement of the
thermal conductivity Al is negligible. Therefore, we
cannot compare our model for the R125+ R32 mixture
with experimental thermal conductivity data in the cri-
tical and supercritical region, where a larger critical
enhancement of the transport coefficients is expected
[4,15]. The thermal conductivity surface for the 50%
R125+50% R32 mixture in the critical region calcu-
lated with our crossover model is shown in Fig. 6. At
the near critical isotherms, T, < 7'<355 K, the thermal
conductivity surface of the 50% R125+50% R32 mix-
ture exhibits singular behavior. A comparison of the
thermal conductivity in this region predicted with our
left) and along the model and the values calculated with the computer pro-
ver model and the i gram NIST REFPROP [41] based on the law of corre-
e critical enhance- sponding-states [1,2] is shown in Fig. 7. The computer
program NIST REFPROP [40] does not calculate
values in the temperature region 353 K <7<363 K at
the critical isochore, and in the density range 3 mol L~
<p<9 mol L~ at T= 355 K, since critical enhance-
ment terms were omitted from the model. We found
that background contributions for the thermal con-
ductivity predicted with our model are about 8-10 mW
m~! K~ larger than the thermal conductivity calculated
with the computer program NIST REFPROP [40].
Since there are no experimental data in this region, we
do not know which model gives more reliable back-
ground values of the thermal conductivity. To resolve
netric crossover this discrepancy, we need more experimental data for
[14], with para- | the thermal conductivity, as well as binary and thermal
10del to experi- ! diffusion coefficient data for R125+ R32 mixtures in the
rom the critical critical and supercritical region.
mental and cal-
nal diffusivity is
tical region for

(a gauche) le long
du modéle croisé et
pas ['augmentationg

incement of the
not contain any
itoff wave num-
by the thermo-
he calculation of
refrigerants and
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